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Abstract: Biodiversity–ecosystem functioning experiments found that productivity generally increases
with species richness, but less is known about effects of within‐species genetic richness and potential
interactions between the two. While functional differences between species can explain species richness
effects, empirical evidence regarding functional differences between genotypes within species and poten-
tial consequences for productivity is largely lacking. We therefore measured within‐ and among‐species
variation in functional traits and growth and determined stand‐level tree biomass in a large forest experi-
ment factorially manipulating species and genetic richness in subtropical China. Within‐species variation
across genetic seed families, in addition to variation across species, explained a substantial amount of
trait variation. Furthermore, trait responses to species and genetic richness varied significantly within
and between species. Multivariate trait variation was larger among individuals from species mixtures
than those from species monocultures, but similar among individuals from genetically diverse vs genet-
ically uniform monocultures. Correspondingly, species but not genetic richness had a positive effect on
stand‐level tree biomass. We argue that identifying functional diversity within and among species in
forest communities is necessary to separate effects of species and genetic diversity on tree growth and
community productivity.
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 39 
Summary 40 
 Biodiversity–ecosystem functioning experiments found that productivity 41 
generally increases with species richness, but less is known about effects of 42 
within-species genetic richness and potential interactions between the two. 43 
While functional differences between species can explain species richness 44 
effects, empirical evidence regarding functional differences between genotypes 45 
within species and potential consequences for productivity is largely lacking.  46 
 We therefore measured within- and among-species variation in functional traits 47 
and growth and determined stand-level tree biomass in a large forest experiment 48 
factorially manipulating species and genetic richness in subtropical China. 49 
 Within-species variation across genetic seed families, in addition to variation 50 
across species, explained a substantial amount of trait variation. Furthermore, 51 
trait responses to species and genetic richness varied significantly within and 52 
between species. Multivariate trait variation was larger among individuals from 53 
species mixtures than from species monocultures, but similar among individuals 54 
from genetically diverse vs. genetically uniform monocultures. 55 
Correspondingly, species but not genetic richness had a positive effect on stand-56 
level tree biomass. 57 
 We argue that identifying functional diversity within and among species in 58 
forest communities is necessary to separate effects of species and genetic 59 
diversity on tree growth and community productivity. 60 
 61 
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Biodiversity–ecosystem functioning (BEF) research has repeatedly demonstrated that 67 
increases in plant species richness can lead to increases in plant productivity (Tilman et 68 
al., 1996; Hector et al., 1999; Liang et al., 2016; Huang et al. 2018) and other ecosystem 69 
functions (Balvanera et al., 2006; Isbell et al., 2011). Plant species can be different in 70 
their use of resources, their resistance to natural enemies or their responses to abiotic 71 
conditions. Differences in these ecological functions can lead to differences in 72 
productivity and fitness over a range of environmental conditions. Based on niche 73 
theory, increasing species richness is hypothesized to increase plant productivity due to 74 
the increased diversity of ecological functions within communities (McGill et al., 2006; 75 
Turnbull et al., 2016). 76 
 Identifying the ecologically relevant functions of species is challenging, but the 77 
use of physiological and morphological traits to measure, describe and predict functions 78 
of individuals, species and ecosystems has become common practice in ecology 79 
(Wright et al., 2004; Kattge et al., 2011; Bruelheide et al., 2018). In addition, it is 80 
commonly assumed that differences in ecological functions would be related to and 81 
identified by differences in trait values among species (McGill et al., 2006). However, 82 
general relationships between traits and their functions are still elusive due to, among 83 
others, the dependency on abiotic and biotic environmental conditions and the use of 84 
species mean values instead of individual values (Shipley et al., 2016; Yang et al., 85 
2018). The assumption that higher functional trait diversity at the community level has 86 
a positive effect on community productivity has been tested and sometimes been 87 
confirmed by relationships between community-level trait diversity and community 88 
productivity (Kröber et al., 2015; Tobner et al., 2016; Wagg et al., 2017; Roscher et al., 89 
2018b). 90 
Assuming that community trait diversity only depends on species mean trait values 91 
ignores trait variation within and trait overlap between species and therefore 92 
overestimates species differences in niche and ecological functionality (Violle et al., 93 
2012). The degree of intraspecific trait variation is determined by genetic differences 94 
and plastic responses to local environmental conditions. Although intraspecific trait 95 
variation is often smaller than interspecific trait variation (Albert et al., 2010; Hulshof 96 
& Swenson 2010; Poorter et al., 2018), intraspecific trait variation can still affect 97 
community functioning (Hughes et al., 2008; Bolnick et al., 2010; Siefert et al., 2015; 98 
Des Roches et al., 2018). In addition species that co-exist in mixtures are also expected 99 
to further minimize overlap to avoid strong interspecific competition (Kraft et al., 2008; 100 
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Zuppinger-Dingley et al., 2014; Turnbull et al., 2016). This so-called niche 101 
differentiation by species in diverse communities could result from plastic or genetic 102 
shifts in species functional trait values (Zuppinger-Dingley et al., 2014; Lipowsky et 103 
al., 2015; Roscher et al., 2015) by which total variation among individuals from 104 
mixtures increases compared with individuals from monocultures. 105 
While most designed BEF experiments focus on effects of species diversity 106 
(reviewed in Tilman et al., 2014; Verheyen et al., 2016; Weisser et al., 2017), it is 107 
conceivable that within-species genetic or even epigenetic diversity also affect plant 108 
productivity and other ecosystem functions (Schmid 1994; Crutsinger et al., 2006; 109 
Kotowska et al., 2010; Latzel et al., 2013; Prieto et al., 2015; Hahn et al., 2017; Zeng 110 
et al., 2017). While positive effects of within-species diversity on plant productivity 111 
have been observed (Booth & Grime 2003; Hughes & Stachowicz 2004; Crutsinger et 112 
al., 2006; Kotowska et al., 2010; Cook-Patton et al., 2011; Drummond & Vellend 2012), 113 
explicit empirical tests whether this is due to functional differences between genotypes 114 
so far have, to our knowledge, have only been done for the model species Arabidopsis 115 
thaliana (Wuest & Niklaus 2018) and rice (Montazeaud et al., 2018). Especially in tree 116 
communities, the degree of trait variation created by within-species genetic diversity 117 
has not yet been determined. In addition, there is a principal lack of information about 118 
the effects of genetic diversity on tree productivity (Fischer et al., 2017; Hahn et al., 119 
2017; Zeng et al., 2017). Most studies of tree communities looked at effects of genetic 120 
diversity on the interaction between plants and arthropod communities (e.g. diversity 121 
and abundance of insects) (Barton et al., 2015; Campos-Navarrete et al., 2015; Cao et 122 
al., 2018; Barantal et al., 2019).). Overall, identifying functional trait variation among 123 
groups of tree individuals of known genetic relationship (here seed families; individuals 124 
from the same seed family share the same mother) within and between species in forest 125 
communities would be the first step towards identifying ecologically relevant biological 126 
processes that underlie effects of species and genetic diversity on tree growth and 127 
community productivity. 128 
In this study, we evaluated functional trait variation among species and among 129 
different seed families within species across two levels of species richness (1 vs. 4 130 
species) factorially crossed with two levels of genetic richness (1 vs. 4 seed families 131 
per species) in experimental tree communities eight years after establishment. First, we 132 
studied how much of the observed trait variation was explained by species and seed-133 
family identity, species and genetic richness and the interactions between those. 134 
Secondly, we determined to what extent species and seed families were distinct in their 135 
5 
 
trait values. Thirdly, we determined if species or genetic richness affected the 136 
multivariate trait variation among the measured individuals. At last, we determined if 137 
species and genetic richness affected individual tree growth and stand-level biomass. 138 
We hypothesized that in addition to species identity, within-species seed-family identity 139 
would explain a part of the overall trait variation. At last, we expected that increasing 140 
species and genetic richness would both have a positive effect on tree growth and stand 141 
biomass, although a smaller effect was expected for genetic compared with species 142 
richness, due to smaller ecological differences expected between genotypes within 143 
species. 144 
 145 
Materials and Methods 146 
Experimental site 147 
A species × genetic tree diversity experiment was set up as part of the so-called BEF-148 
China experiment (Bruelheide et al., 2014) located near Xingangshan, Dexing City, 149 
Jiangxi Province, China. The region is typical for the Chinese subtropics with a mean 150 
annual temperature of 16.7 °C and a mean annual precipitation of 1821 mm. In 2010, 151 
24 plots of the BEF-China experiment were used for the genetic diversity experiment 152 
(Fig. 1; Hahn et al., 2017). In short, each square plot with an area of 1-mu (0.067 ha) 153 
was planted with 400 individuals belonging to one or all of the four tree species 154 
Alniphyllum fortunei, Cinnamomum camphora, Daphniphyllum oldhamii and Idesia 155 
polycarpa. These species were chosen based on the fact that two are deciduous (A. 156 
fortunei and I. polycarpa) and two are evergreen (C. camphora and D. oldhamii). In 157 
addition, the taxonomic differences among species, the quantity of seedlings from 158 
different seed families (see below more information about seed families) and the species’ 159 
expected survival contributed to the selection of these four species. Per plot the species 160 
richness was one or four. Within each plot the planted individuals belonged to one or 161 
four different seed families per species, resulting in a full factorial design of species × 162 
genetic richness (Fig. 1). Here, “genetic richness” refers to within-species number of 163 
seed families and was created by collecting seeds and producing seedlings from 164 
different mother trees. Seed families therefore represented something between full- and 165 
half-sib families, depending on how many father trees pollinated the seeds of a single 166 
mother tree. Assuming that there are genetic differences between mother trees and thus 167 
seed families we therefore use the term “genetic richness” as shortcut for “seed-family 168 
richness”. The seed families were collected in the Gutianshan National Nature Reserve, 169 




Due to the availability of only 24 1-mu plots for this experiment, subplots of ¼ mu 172 
were used as our main experimental unit. All treatments with a single species, i.e. 173 
species monocultures, were established per subplot, and every seed family occurred 174 
once as seed-family monoculture in a subplot and one or two times in species 175 
monoculture with 4 seed families per subplot (Table S1, Fig. 1). Species mixtures were 176 
planted on whole 1-mu plots, providing four subplots of identical species x seed family 177 
composition (Table S1). Using subplots for species monocultures allowed us to reduce 178 
the total number of plots and seedlings to be planted, and using 1-mu plots for species 179 
mixtures allowed us to have enough replicates of species and seed families within each 180 
plot. Seed-family compositions were not replicated in multiple plots in order to have a 181 
larger number of different seed-family compositions. Different compositions at each 182 
richness level were considered the relevant level of replication. Individual trees came 183 
from nine seed families in A. fortunei and C. camphora, eight seed families in I. 184 
polycarpa and fifteen seed families in D. oldhamii (Table S1). 185 
 186 
Functional traits 187 
Eight functional traits were measured in 2017 and 2018 on 547 individuals across all 188 
seed families and species in the four different species × genetic richness combinations 189 
(see Table S2 for number of individuals per seed family per species per richness level). 190 
For each individual we measured wood density (WD), leaf area (LA), specific leaf area 191 
(SLA), chlorophyll content (CHL), leaf nitrogen content (LN), leaf carbon content (LC), 192 
stomatal density (SD) and stomatal aperture (SA). These traits were chosen because of 193 
their association with growth strategies and functions within the community (Wright et 194 
al., 2004; Diaz et al., 2016; Bruelheide et al., 2018). In this study we did not measure 195 
ecological functions directly, but rather associated variation in trait values with 196 
variation in ecological functions. 197 
 WD (g/cm3) was estimated on one branch segment per tree by dividing the oven-198 
dried weight (80 °C, 48 h) through the water-displaced fresh volume. We used branch-199 
wood density to represent stem-wood density because the two are generally highly 200 
correlated (Swenson & Enquist 2008). Four to five leaves were sampled per tree, 201 
scanned for area (LA in cm2) and dried for 48 h at 70 °C for dry weight, after which 202 
SLA (cm2/g) was calculated. Chlorophyll content per area was estimated based on three 203 
measurements per leaf with a SPAD meter (SPAD-502, Minolta Camera, Japan). LN 204 
and LC (%) were determined using the CHNOS Elemental Analyzer Vario EL III 205 
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(Elementar Analysensysteme GmbH, Germany). For each individual three stomatal 206 
imprints were made and analyzed under a microscope (Nikon 80i) to calculate SD 207 
(count/mm2) and for a total of five stomata the inner stomatal length and width were 208 
measured to calculate SA (μm2) based on an elliptical shape. All leaves used for trait 209 
measurements were fresh and healthy without any dirt, physical damage or fungal 210 
infections. 211 
 212 
Multivariate hypervolumes 213 
To estimate the total multivariate trait variation among individuals per richness level, 214 
multivariate trait hypervolumes were calculated using multidimensional kernel density 215 
estimation within the ‘hypervolume_gaussian’ function of the ‘hypervolume’ package 216 
in R (Blonder et al., 2014; 2018), assuming default settings (among others Silverman 217 
bandwidth estimation and 95% probability threshold). The size of a hypervolume 218 
depends on the number of observations and dimensions, which in our case are the 219 
individuals and traits, respectively. In addition, an accurate approximation of the 220 
hypervolume size is sensitive to correlations among dimensions and to the ratio between 221 
observations and dimensions (no more dimension than log(observations) are 222 
recommended by Blonder et al., 2018). Therefore we used only three trait dimensions 223 
and constructed various hypervolumes with equal number of observations to properly 224 
compare hypervolumes across richness levels. To avoid biases based on the selection 225 
of traits, we used the first three uncorrelated axes of a principal component analysis 226 
created by the eight traits (explaining together 71 % of variation; Fig. S1). The values 227 
of these three axes were assumed to provide a more holistic representation of ecological 228 
function than any set of three particular traits. Nevertheless, we also performed 229 
additional hypervolume simulations to explore the effect of species and genetic richness 230 
on multivariate trait variation using particular traits (Fig. S2 and S3). 231 
 To assess potential effects of variability for comparing sizes of hypervolumes 232 
across richness levels we simulated 500 hypervolumes per richness level using 233 
bootstrapping (similar as in Bittebiere et al., 2019). We randomly sampled individuals, 234 
with replacement per species and richness level depending on the particular comparison. 235 
First, to test if the hypervolume of all species together or species-specific hypervolumes 236 
were affected by species richness, we sampled 29 observations per species from species 237 
monocultures versus species mixtures (ignoring the genetic richness levels). The 29 238 
observations per species were pooled together per species monoculture versus species 239 
mixtures and these 116 observations were used to calculate the hypervolume size of the 240 
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four species together. For the species separately, each hypervolume was based on the 241 
29 sampled observations. We used 29 observations because that was the lowest number 242 
of observations (for I. polycarpa monoculture). Secondly, to test if the hypervolume 243 
was affected by genetic richness (i.e. number of seed families per species), nine 244 
observations per species from each species × genetic richness level were sampled. To 245 
test the effect of genetic richness in species monocultures, hypervolumes for each 246 
species separately were calculated using these nine observations. To test the effect of 247 
genetic richness on top of species richness, the nine samples per species were pooled to 248 
calculate hypervolumes for all species together. Nine values were sampled because that 249 
was the lowest number of observations (for I. polycarpa monoculture with one seed 250 
family, see Table S2). 251 
 252 
Individual tree growth and stand-level tree biomass 253 
Individual tree biomass (kg) was calculated for all trees within the experiment, 254 
excluding the outer two rows of trees per 1-mu plot to avoid border-effects. Individual 255 
tree biomass was calculated as H × BA × CV, in which H is the height in m, BA is the 256 
basal area at the ground in m2 and CV is a correction factor for stem shape and wood 257 
density, estimated by Huang et al., (2018). We tested if this method would be 258 
considerably different from using wood density in the estimation of tree biomass. For 259 
the 547 individuals for which we measured wood density directly, we calculated 260 
biomass by multiplying the volume estimate with the wood density. Because the 261 
correlation between the two methods was high (R2 = 0.97), we decided to use the Huang 262 
et al. (2018) method throughout for consistency. Individual tree growth was calculated 263 
as the relative biomass growth rate between 2013 and 2018, i.e. the difference between 264 
the log-transformed biomasses from the two dates. Stand-level tree biomass (Mg/ha) 265 
was calculated per subplot (1/4 of the 1-mu plot) as the sum of all alive trees. 266 
 267 
Statistical analysis 268 
To determine how trait and growth variation among individual trees was affected by 269 
explanatory factors, ANOVAs were fitted with sequential order of the terms species 270 
identity, seed-family identity, species × genetic richness combination (or its contrasts, 271 
i.e. the factorial species richness + genetic richness + interaction), interactions of these 272 
and at last the 1-mu plot. Similar ANOVAs with sequentially fitted factors were 273 
performed for each species separately to estimate the relative contribution of each 274 
explanatory factor on trait variation for each species. Species effects were tested against 275 
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seed families and richness effects against 1-mu plot variation, while all other effects 276 
were tested against the residual variation. All ANOVAs were performed with the ‘aov’ 277 
function in R. Note that this procedure corresponds to mixed-model analysis of variance 278 
but allows greater flexibility in assessing contributions of random effects than other 279 
implementations of mixed-model analyses such as those based on residual maximum 280 
likelihood methods (for a detailed explanation of this model choice see Schmid et al., 281 
2017). 282 
To determine which pairs of species or seed families within species had 283 
significantly different trait values, post-hoc-analyses after one-way ANOVAs were 284 
performed taking all individuals together or per species independently (‘TukeyHSD’ 285 
function in R). All trait values, except for chlorophyll values, were log-transformed 286 
before analysis to increase data normality. In addition, we checked the normality and 287 
homoscedasticity of the residuals of the performed ANOVAs. 288 
The effect of species and genetic richness, their interaction and species identity on 289 
individual tree growth was calculated with an ANOVA with sequential order of species 290 
richness, genetic richness, the interaction of species × genetic richness, species identity 291 
and the interaction of species identity with species × genetic richness. Stand-level 292 
biomass was tested with an ANOVA with sequential order of the terms species richness, 293 
genetic richness the interaction of species × genetic richness, monoculture species and 294 
the interaction between monoculture species and genetic richness. For both analyses, 295 
the 1-mu plot functioned as error term. 296 
 297 
Results 298 
Partitioning functional trait variation 299 
Analyzing the total variation in the eight functional traits measured on 547 individuals 300 
we observed that a large part was due to variation among the four tree species (22.61%–301 
59.09%, Fig. 2 and Table S2) and a further substantial part (2.69%–11.45%) to variation 302 
among seed families within tree species, supporting our assumption that seed families 303 
differed genetically. The amount of trait variation explained by species and seed 304 
families varied from trait to trait. For example, compared with the other traits, LN 305 
varied relatively less among species than among seed families within species (Fig. 2). 306 
The effects of species and genetic richness combined explained only a small part 307 
of total observed trait variation (0.16%–3.85%), with species richness generally 308 
explaining more variation than genetic richness (Table S2). These small main effects 309 
were related to different responses of species and seed families to the richness treatment. 310 
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The corresponding interaction terms species × richness and seed family × richness 311 
explained 1.33%–6.58% and 4.87%–11.23% of variation, respectively (Fig. 2 and 312 
Table S3). In the separate analysis for each of the four species, the relative contribution 313 
of seed families to the total within-species variation in the measured traits was quite 314 
large, but richness effects and interactions among the two, i.e. variation in the responses 315 
of individual seed families to richness, were of similar importance (Fig. 2b–e). On 316 
average, differences among seed families explained 7.2%, 9.3%, 11.7% and 11.9% of 317 
trait variation in A. fortunei, C. camphora, D. oldhamii and I. polycarpa, respectively. 318 
Among the structural traits (WD, LA and SLA), seed families explained most variation 319 
in LA for three species (the exception was D. oldhamii where seed families explained 320 
most variation in SLA). Among the chemical traits (CHL, LN and LC), seed families 321 
explained most variation in LN, namely 20% in I. polycarpa and D. oldhamii. In 322 
addition, for all four species, seed families explained more variation in SA than in SD. 323 
The relative percentage of variation explained by richness was highly variable and 324 
ranged from 30% of the variation in SLA for I. polycarpa to 0.9% of variation in SA 325 
for D. oldhamii (Fig. 2b–e). In addition, the different responses of seed families to 326 
richness explained 4.6%–23.7% of trait variation in the different species. This is 327 
illustrated in the reaction-norm plots shown in Fig. S4. Although no seed family showed 328 
a consistent up or down change in trait value with richness, their reaction norms 329 
illustrate that seed families differed in their trait-specific plastic responses to richness. 330 
 331 
Trait differences between species and seed families within species 332 
The extent to which species differed in their traits varied among traits; e.g. I. polycarpa 333 
had larger LA and D. oldhamii had higher CHL compared with the other species (Fig. 334 
3a and Table S4). For other traits, some of the species had similar values, such as I. 335 
polycarpa and A. fortunei for SLA and C. camphora and D. oldhamii for LN. 336 
Considering all eight traits together demonstrated that the four species differed in 337 
multivariate trait space (Fig. 3a). This could also be seen in the ordinations obtained 338 
with the first three axes of the principal component analysis (together explaining 71%, 339 
Fig. S1). 340 
Comparing the eight traits among seed families within species resulted in various 341 
significant pairwise seed-family comparisons (Table S4). Using the same polygon plots 342 
as for the comparison among species (Fig. 3a), it can be seen that some seed families 343 
are distinct from other seed families (Fig. 3b–e). Compared with other seed families, 344 
seed family AF.103 (see Table S2 for a list of all seed families) had distinct values for 345 
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LA, LN and SA in A. fortunei and CC.110 had distinct values for LN and SA in C. 346 
camphora. In I. polycarpa IP.10 had distinct values for LA and LN. The differences 347 
between seed families were most pronounced for chemical traits in D. oldhamii, with 348 
distinct values in CHL for DO.19, in LN for DO.36 and in LC for DO.27 and other seed 349 
families. 350 
 351 
Multivariate trait hypervolumes created by individuals from different richness 352 
levels 353 
Despite the relatively small main effect of richness on trait variation across the four 354 
species, richness did affect trait values differently between species and seed families, 355 
indicated by the interaction effects of species or seed families with richness (Table S3). 356 
The multivariate hypervolume created by individuals from species mixtures was larger 357 
than that created by individuals from monocultures when the four species were 358 
combined (0.0065 vs. 0.0043 SD3, P<0.001, Fig. 4a). Hypervolume sizes were also 359 
higher for the separate species, especially for A. fortunei and I. polycarpa (P<0.001 for 360 
all species, Fig. 4b, see Fig. S5 for examples of hypervolumes per species in species 361 
monocultures versus species mixtures). This analysis disregarded the difference in 362 
genetic richness. The increased hypervolume size represents higher differences among 363 
the measured individuals when individuals interact with heterospecific individuals in 364 
species mixtures compared with conspecific individuals in species monocultures. The 365 
volume centroids of the species shifted slightly between the two species-richness levels 366 
one and four, which suggest that on average the species became more distinct in the 367 
species mixtures compared with monocultures (Fig. S6). 368 
Increasing the genetic richness had a different effect on the multivariate 369 
hypervolume size (Fig. 5). In species monocultures, the hypervolumes created by 370 
individuals from plots with a genetic richness of four seed families were smaller or 371 
larger than the hypervolumes created by individuals from plots with a genetic richness 372 
of one seed family. Volumes of A. fortunei and I. polycarpa were smaller; for genetic 373 
richness four vs. one the hypervolume sizes were 0.0010 vs. 0.0015 and 0.0007 vs. 374 
0.0014 SD3 for A. fortunei and I. polycarpa, respectively, while volumes of C. 375 
camphora and D. oldhamii were slightly larger; 0.00051 vs. 0.00045 and 0.00068 vs. 376 
0.00061 SD3 for C. camphora and D. oldhamii, respectively (P<0.001 for all species, 377 
Fig. 5a). In species mixtures, the total hypervolume size created by individuals from all 378 
four species with a genetic richness of four seed families was similar to the 379 
hypervolume size created by individuals from species mixtures with a genetic richness 380 
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of one seed family (both 0.0074 SD3, P=0.54, Fig. 5b). Moreover, the results from the 381 
multiple specific trait combinations showed that the effect of richness on the 382 
hypervolume size was similar across all trait combinations, while the effect of genetic 383 
richness in species mixtures was slightly different (Fig. S2 and S3). 384 
 385 
Individual tree growth and stand-level biomass 386 
Individual growth of the 547 individuals was, just as traits, primarily determined by 387 
species, followed by seed families and their interaction with richness (Table S3), 388 
demonstrating that growth was also highly variable among species and seed families 389 
and that both showed variation in their responses to species × genetic richness 390 
combinations (Fig. S4). However, tree growth was not significantly affected in the same 391 
direction by richness as shown by the small effects of the species and genetic richness 392 
combination (Table S3). In addition, across all individuals within the experiment (total 393 
2073 individuals) individual growth was not significantly affected by species or genetic 394 
richness (Fig. 6a,b and Table S5). Nevertheless, growth was different among species 395 
and both the species and genetic richness effects were species-specific, as indicated by 396 
the interaction terms (Fig. 6a,b and Table S5). Additionally, the significant three-way 397 
interaction of species-identity with species and genetic richness indicates that 398 
individual growth per species was affected in opposite ways by species and genetic 399 
richness. At the community level, standing tree biomass after eight years of growth was 400 
significantly higher in the four-species mixture than in the average monoculture, while 401 
stand-level tree biomass was not affected by genetic richness (Fig. 6c and Table S5). 402 
Additionally, there were significant differences in stand volumes between the four 403 
species in monoculture, but no species-specific genetic richness effect (Fig. 6d). 404 
 405 
Discussion 406 
We analyzed trait variation among species and within species among seed families in a 407 
full-factorial species × genetic richness tree biodiversity experiment and assessed if trait 408 
variation played a role in the effect of species and genetic richness on individual tree 409 
growth and stand-level tree biomass after eight years of community development. We 410 
observed that seed families explained a substantial amount of trait variation, on top of 411 
the amount explained by differences between species. In addition, trait values changed 412 
plastically in response to richness, with variation in these responses both among species 413 
and among seed families within species. Multivariate trait variation among individuals 414 
was increased in the four-species mixture compared with the monocultures, while it 415 
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was slightly decreased or stayed constant with increasing within-species genetic 416 
richness. Overall, species richness had a positive effect on stand-level tree biomass, 417 
while an effect of genetic richness was absent. 418 
 419 
Trait variation among species and seed families 420 
Trait variation was mainly determined by differences between species, but differences 421 
between seed families within species also explained a substantial amount of variation, 422 
which fits with previous studies showing the relative contribution of intraspecific trait 423 
variation to total trait variation (Albert et al., 2010; Hulshof & Swenson 2010; Poorter 424 
et al., 2018). Intraspecific trait variation was both created by within-genetic 425 
components (seed family) as well as plastic responses to environmental conditions. 426 
Previous work assigned intraspecific trait variation to overall plasticity (Lipowsky et 427 
al., 2015; Roscher et al., 2018a; Benavides et al., 2019) without separation of genetic 428 
vs. environmental components. Here, we attempted such a separation by explicitly 429 
including a within-species genetic component (seed family identity) of trait variation 430 
and also analyzing effects of species and genetic richness on trait variation. These 431 
findings add to an increasing body of literature demonstrating that while species mean 432 
trait values can be useful to assess large-scale variation (Wright et al., 2004; Diaz et al., 433 
2016; Bruelheide et al., 2018), within-species trait variation must be included if effects 434 
of functional diversity on plant growth and ecosystem functioning are analyzed 435 
(Hughes et al., 2008; Bolnick et al., 2011; Violle et al., 2012; Siefert et al., 2015; Des 436 
Roches et al., 2018). 437 
Leaf area, leaf carbon and stomatal aperture were the three traits most distinct 438 
between species. Leaf area variation was mainly due to the much bigger leaves of I. 439 
polycarpa compared with the other species, while leaf carbon and stomatal aperture 440 
were mainly determined by the difference between I. polycarpa and C. camphora. Leaf 441 
nitrogen was mostly controlled by variation among seed families, especially seed 442 
families from D. oldhamii. This fits with observations of Albert et al. (2010) who 443 
showed that compared with other traits intraspecific variation was highest for leaf 444 
nitrogen. Trait variation among seed families may be maintained by the heterogeneous 445 
neighbourhoods encountered by individual trees in these species-rich subtropical 446 
forests (Ang et al., 2016) and by sibling competition and Janzen-Connell effects within 447 
species (Eck et al., 2019). Indeed, in a recent study it was found that species-rich 448 
experimental forests maintained a higher genetic diversity in two Dipterocarp species 449 
than did monocultures (Ang et al., 2016). 450 
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A limitation of our study was that the expectation of differences among seed 451 
families was based on the assumption of higher genetic relatedness among individuals 452 
within than between seed families; individuals from the same seed family came from 453 
the same mother tree and therefore were considered to be at least half-sibs. Future 454 
research should analyze the genetic relatedness among our individuals in more detail to 455 
better assess the genetic contribution to phenotypic variation. 456 
 457 
Univariate and multivariate trait variation due to species and genetic richness 458 
In addition to the trait variation among species and seed families we also found 459 
significant trait variation within species and seed families that was due to plasticity in 460 
response to species × genetic richness treatments. Trait variation due to responses to 461 
species richness has been observed in other BEF-related studies (Roscher et al., 2011, 462 
2018a; Lipowsky et al., 2015; Benavides et al., 2019; Bongers et al., 2019) and has 463 
been shown to result in positive effects on productivity (Zuppinger-Dingley et al., 2014; 464 
Zhu et al., 2015). However, in these previous studies it was not tested if these 465 
phenotypic responses were due to genetic differences or plasticity within genetic groups 466 
to environmental conditions (plasticity in the strict sense of its definition, see Bradshaw, 467 
1965), because the genetic relationship between plants was not known. 468 
The observed trait plasticity in response to richness led to higher multivariate trait 469 
diversity among individuals from species mixtures than from species monocultures, 470 
which was represented by increased multivariate hypervolume sizes. This effect was 471 
mainly due to A. fortunei and I. polycarpa, because these species increased their 472 
hypervolume sizes and also slightly shifted their volume centroids. In contrast, 473 
increasing the genetic richness from one to four seed families affected the multivariate 474 
trait variation depending on the species identity in species monocultures, while it had 475 
no effect on multivariate trait variation in the four-species mixture. However, increasing 476 
multivariate trait variation with increasing genetic richness was observed in the species 477 
mixture when using different sets of traits (Fig. S3). This could be related to the role of 478 
specific traits and illustrates that a true holistic interpretation of the ecological functions 479 
of individuals within a community remains challenging. Within this study, we believe 480 
that the use of principle component axes instead of sets of traits is a more appropriate 481 
method to estimate variation in ecological functions among individuals. Nevertheless, 482 
the fact that A. fortunei and I. polycarpa are both deciduous species and C. camphora 483 
and D. oldhamii are evergreen species suggests that this single trait could explain the 484 
difference in trait plasticity that determined multivariate trait variation change in 485 
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response to both species and genetic richness (Valladares et al., 2000; Böhnke & 486 
Bruelheide 2013). 487 
Changes in multivariate trait variation due to species or genetic richness may be 488 
related to various processes. Higher species richness can increase the local 489 
environmental heterogeneity among all individuals and thus leads to increased 490 
differences among individuals. While higher genetic richness has less effect on local 491 
environmental heterogeneity it could reduce sibling competition and therefore increase 492 
asymmetries and differences among individuals (Willson et al., 1987; Weiner, 1990). 493 
In contrast, increased genetic richness can also reduce asymmetric competition and thus 494 
reduce individual variation. The different changes of the multivariate trait variation 495 
among individuals with increasing genetic richness illustrates that different processes 496 
can be at play within and among species. Further experiments would be needed to 497 
determine the relative roles of different drivers, e.g. competitive asymmetry or niche 498 
overlap, influencing differences between individuals. Linking this kind of knowledge 499 
to trait and growth variation will be an additional step towards understanding the 500 
ecological and functional mechanisms underlying biodiversity–ecosystem functioning 501 
relationships. 502 
The increased multivariate trait variation among individuals with increasing 503 
species richness due to species-specific trait shifts would be consistent with the 504 
hypothesis that individuals and species try to minimize niche overlap to avoid 505 
competition (see e.g. Zuppinger-Dingley et al., 2014). The observation that species-506 
specific multivariate trait variation increased with increasing species richness has also 507 
recently been shown for trees (Benavides et al., 2019) but is opposite to some previous 508 
findings regarding grasses (Zuppinger-Dingley et al., 2014; van Moorsel et al., 2018). 509 
The increased multivariate trait variation within species in species mixtures could be 510 
due to larger heterogeneity of local environmental conditions and neighbour 511 
interactions compared with species monocultures. Decreased multivariate trait variation 512 
within species can be related to minimizing niche overlap among species, which could 513 
be functional in decreasing resource competition, as expected based on niche theory in 514 
diverse systems (Turnbull et al., 2016). Nevertheless, to determine if species or 515 
individuals shift their functional niche in diverse systems, more detailed studies are 516 
required that measure time- or space-specific traits (Niklaus et al., 2017; Williams et al. 517 
2017) or actual resource uptake (von Felten et al., 2009; Ashton et al., 2010). 518 
 519 




Over an eight-year growth period, species richness positively affected stand-level tree 522 
biomass, but against our expectations no significant effect of genetic richness within 523 
species was observed. As expected, total trait variation among individuals in species 524 
mixtures was larger than the sum of the variation of the individuals from monocultures. 525 
This suggests niche differentiation among species and could be a mechanism 526 
contributing to the increased stand-level productivity in four species mixtures compared 527 
with the average monocultures (Zuppinger-Dingley et al., 2014).  528 
Although seed families did significantly contribute to trait variation within species, 529 
increased multivariate trait variation among individuals from more genetically rich 530 
communities was not observed within species mixtures and only observed for two out 531 
of the four species in separate monocultures. This lack of effect could therefore explain 532 
the absence of strong genetic effects on individual growth and community-level 533 
productivity. Our results extend those of Fischer et al. (2017), who also found 534 
significant trait and growth differences between genotypes but no relationship between 535 
genetic richness and stand productivity within the single species Populus fremontii. The 536 
absence of an overall increased stand-level biomass in genetically rich communities 537 
across all four species could also be the result of opposite growth responses of the four 538 
species to the species × genetic richness treatment combinations. 539 
In this context it should be noted that A. fortunei and I. polycarpa had decreased 540 
stand-level biomass and decreased multivariate trait variation under higher genetic 541 
richness whereas C. camphora and D. oldhamii showed the opposite responses. These 542 
observations do match our hypothesis that the size of multivariate trait variation links 543 
to community productivity. Two recent studies that also test for such a relation between 544 
genetically-based functional trait variation within species and species-level functioning 545 
in one case found positive effects and trait variation for Arabidopsis thaliana (Wuest & 546 
Niklaus 2018) and in another case no effect despite trait variation for rice (Montazeaud 547 
et al., 2018). Thus, although there are several studies that report positive effects of 548 
genetic richness on (mostly single-species) ecosystem functioning (Schmid 1994; 549 
Crutsinger et al., 2006; Kotowska et al., 2010; Prieto et al., 2015; Cao et al., 2018), it 550 
remains unknown to which extent these effects can be related to genetically-caused 551 
functional trait variation within species. In addition, it remains yet to be studied if such 552 
effects could be extrapolated from single- to multi-species communities. 553 
There could also be a difference between trees and other organisms with regard to 554 
effects of genetic richness on ecosystem functioning and a difference between the type 555 
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of ecosystem function considered. No or weak effects of within-species genetic richness 556 
on tree or plant growth and productivity have been reported in several other studies 557 
(Crawford & Rudgers 2012; Prieto et al., 2015; Schöb et al., 2015; Hahn et al., 2017; 558 
Zeng et al., 2017). In contrast, strong within-plant-species genetic richness effects on 559 
fungal pathogens or herbivore abundance or diversity have been reported several times 560 
(Schmid 1994; Crutsinger et al., 2006; Johnson et al., 2006; Barton et al., 2015; 561 
Campos-Navarrete et al., 2015; Cao et al., 2018; Barantal et al., 2019). For the same 562 
plots as in our study, Cao et al., (2018) also found a positive trend of increasing within-563 
plant genetic richness on top of species richness for higher-level trophic community 564 
interactions, which is an important ecosystem process in forests. 565 
 566 
Conclusion 567 
While previous studies found that increasing functional diversity with increasing 568 
species richness can explain parts of positive BEF relationships, the extent to which 569 
genetically-caused functional trait diversity has similar effects so far remained 570 
unknown. Here we explicitly separated the variation in functional traits between and 571 
within species into genetic components and species- × genetic-richness induced 572 
plasticities. While species richness effects on trait variation could be related to 573 
increased stand-level functional diversity and tree biomass, genetic richness had limited 574 
effect on increasing trait variation in species monocultures or species mixtures and 575 
consequently we did not find significant effects of genetic richness on stand-level 576 
productivity. Our research present, to our knowledge, one of the few cases where effects 577 
of genetic diversity within species and of richness-driven plasticity on functional traits 578 
variation and stand-level forest characteristics have been analyzed. 579 
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SUPPORTING INFORMATION 830 
Table S1. Overview of the species and seed family composition per plot for each 831 
species × genetic richness combination. 832 
Table S2. Number of individuals per species per seed family that were measured for 833 
functional traits and growth for each species × genetic richness combination. 834 
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Table S3. Summary of linear model analyses of species, seed family and richness 835 
effects on eight traits and relative tree growth, considering factors in hierarchical 836 
structure. 837 
Table S4. List of species-pairs that were non-significant and seed family-pairs within 838 
species that were significantly different for a specific trait (P < 0.05). 839 
Table S5. Summary results of ANOVAs testing the effect of species and genetic 840 
richness on individual tree growth (2013 – 2018) and stand-level tree biomass (2018). 841 
Figure S1. Trait values and growth rate reaction-norms of seed families within species 842 
for species × genetic richness. 843 
Figure S2. Visualization of the loading of the eight traits on the first three axes of the 844 
ordinations performed using 547 individuals. 845 
Figure S3. Visualization of one of the 500 simulated hypervolumes per species separate 846 
in species monoculture versus species mixtures. 847 
Figure S4. Dimension specific hypervolume-centroids per species within species 848 
monocultures and species mixtures. 849 
 850 
FIGURE LENGENDS 851 
Figure 1. Overview of the designed genetic tree experiment within BEF-China. (a) 852 
In total there were 24 plots, each square plot with an area of 1-mu (0.0067 ha-1) was 853 
planted with 400 individuals belonging to one or all of the four tree species Alniphyllum 854 
fortunei, Cinnamomum camphora, Daphniphyllum oldhamii and Idesia polycarpa. Per 855 
plot the species richness was one or four and genetic richness per species was also one 856 
or four, resulting in a full factorial design of species × genetic richness (represented by 857 
1.1, 1.4, 4.1 and 4.4 levels, see legend). (b) Each 1-mu plot was subdivided into four 858 
subplots, which within species monocultures were used to create different seed-family 859 
compositions; different seed-family monocultures in 1.1 and different combinations of 860 
four seed families in the 1.4 richness level. In total there were two 1-mu plots per 861 
species and a half 1-mu plot per species for the 1.1 and 1.4 richness levels respectively 862 
(See Table S1 for species-seed family compositions). Within 4-species mixtures the 863 
four subplots per 1-mu plot had identical seed families per species compositions. In 864 
total there were eight and six 1-mu plots for the 4.1 and 4.4 richness levels, respectively 865 
(Table S1). Different species are represented by tree shapes, while different seed 866 
families are represented by tree colouring. * Indicates the plot that was not established 867 




Figure 2. Contributions of the different explanatory terms to the total variation in 870 
eight measured traits. Shown are the percentages of explained variation (increments 871 
of total sum-of-squares as terms are sequentially fitted to the ANOVA model from left 872 
to right) per trait for all species together (a) and for the four species analyzed separately 873 
(b-e). Note that for the latter the terms “Species” (dark green) and “Species × Richness” 874 
(dark turquoise) do not exist. See legend for colour key of terms “Species” (species 875 
identity), “Seed family” (seed family identity), “Richness” (species × genetic richness 876 
combination, 4 levels), “Species x Richness” (species specific responses to richness), 877 
“Seed families x Richness” (seed-family specific responses to richness), “Plot” (identity 878 
of 1-mu plot) and “Residuals” (remaining variation). WD: wood density; LA: leaf area; 879 
SLA: specific leaf area; CHL: chlorophyll content per leaf area; LN: leaf nitrogen per 880 
mass; LC: leaf carbon per mass; SD: stomatal density per leaf area; SA: stomatal 881 
aperture. Exact values for percentage explained variance for all species together (a), 882 
and related statistics, are shown in Table S3. 883 
 884 
Figure 3. Illustration of relative mean trait values of species and seed families 885 
within species. Species are identified with different colours and seed families by 886 
various shades of colours and identification numbers (see legends and Table S2 for the 887 
full list of seed families). The polygons connect scaled values (mean=0 and SD=1 after 888 
log-transformation is required) for each trait for the four species (a) and for the seed 889 
families within the species Alniphyllum fortunei (b), Cinnamomum camphora (c), 890 
Daphniphyllum oldhamii (d) and Idesia polycarpa (e). For trait means of seed families 891 
(b–e), trait values were scaled for each species separately. See Table S4 for significant 892 
differences between species and seed-family pairs per trait. 893 
 894 
Figure 4. Multivariate trait hypervolume sizes of all species combined and each 895 
species separately, calculated using individuals from low or high (1 vs. 4) species 896 
richness. (a) Hypervolume sizes of individuals from all four species from species 897 
monocultures vs. species mixtures, (b) hypervolume sizes of individuals per species 898 
separate from species monocultures vs. mixtures, (c) visualisation of hypervolumes 899 
created by individuals from all species together from species monocultures vs. mixtures 900 
(the two hypervolumes have a size of 0.0037 and 0.0071 SD3 for species monoculture 901 
and mixture respectively). For each value on the x-axis 500 bootstrapped volumes were 902 
obtained, calculated with 29 randomly sampled individuals, with replacement, per 903 
species per species richness (b) or the summed 116 sampled individuals per species 904 
27 
 
richness (a). See Table S2 for the number of individuals available per sampling (per 905 
species per species richness). AF: Alniphyllum fortunei, CC: Cinnamomum camphora, 906 
DO: Daphniphyllum oldhamii, IP: Idesia polycarpa. Individual open dots represent 907 
individual hypervolume sizes, black solid items are mean values ± 1 standard deviation. 908 
See Methods section for detailed explanation of calculations regarding the multivariate 909 
hypervolumes. 910 
 911 
Figure 5. Multivariate trait hypervolume sizes of each species separate or all 912 
species combined in species monocultures or mixtures, calculated using 913 
individuals from low or high genetic richness. (a) Hypervolume size per species 914 
separately in low and high genetic richness (1 vs. 4 seed families per species) in species 915 
monocultures. (b) Hypervolume size of all species together in low and high genetic 916 
richness (1 vs. 4 seed families per species) in species mixtures. For each value on the 917 
x-axis 500 bootstrapped volumes were obtained, calculated with 9 randomly sampled 918 
individuals, with replacement, per species per genetic richness in species monoculture 919 
(a) or 36 sampled individuals per genetic richness in species mixtures (b). The 36 920 
individuals consisted of 9 individuals per species. See Table S2 for the number of 921 
individuals available per sampling (per species per species × genetic richness). AF: 922 
Alniphyllum fortunei, CC: Cinnamomum camphora, DO: Daphniphyllum oldhamii, IP: 923 
Idesia polycarpa. Individual open dots represent individual hypervolume sizes, black 924 
solid items are mean values ± 1 standard deviation. 925 
 926 
Figure 6. Individual tree growth and stand-level biomass per species × genetic 927 
richness combination. Relative individual tree biomass growth for each species × 928 
genetic richness level, for all individuals together (a, n=2073) or per species separately 929 
(b). Stand-level biomass for each species × genetic richness level including all plots (c, 930 
n=92) and only for the species monocultures separate (d). Species × genetic richness 931 
level contains values of 1 vs. 4 species and 1 vs. 4 seed families. Pink dots and blue 932 
triangles represent individual trees (a,b) or subplots (c,d) with 1 or 4 seed families per 933 
species respectively. Large black items are mean values ± 1 standard error per species 934 
× genetic richness combination. AF: Alniphyllum fortunei, CC: Cinnamomum 935 
camphora, DO: Daphniphyllum oldhamii, IP: Idesia polycarpa. See Table S5 for the 936 
related statistics.  937 
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